In Brief
Animal models have highlighted the importance of innate lymphoid cells (ILCs) in multiple immune responses. Simoni et al. (2016) profile human ILCs using mass cytometry across tissues. The results provide a global, comprehensive, and detailed description of ILC populations and their heterogeneity across individuals and tissues.
SUMMARY
Animal models have highlighted the importance of innate lymphoid cells (ILCs) in multiple immune responses. However, technical limitations have hampered adequate characterization of ILCs in humans. Here, we used mass cytometry including a broad range of surface markers and transcription factors to accurately identify and profile ILCs across healthy and inflamed tissue types. High dimensional analysis allowed for clear phenotypic delineation of ILC2 and ILC3 subsets. We were not able to detect ILC1 cells in any of the tissues assessed, however, we identified intra-epithelial (ie)ILC1-like cells that represent a broader category of NK cells in mucosal and non-mucosal pathological tissues. In addition, we have revealed the expression of phenotypic molecules that have not been previously described for ILCs. Our analysis shows that human ILCs are highly heterogeneous cell types between individuals and tissues. It also provides a global, comprehensive, and detailed
INTRODUCTION
Innate lymphoid cells (ILCs) represent a heterogeneous population of innate immune cells in mice and humans that include classically defined natural killer (NK) cells as well as more recently described helper-type ILCs (ILC1, ILC2, and ILC3) (Artis and Spits, 2015; Cella et al., 2009; Satoh-Takayama et al., 2008) . These cells can be involved in infection, chronic inflammation, and in metabolic disease (Artis and Spits, 2015; Diefenbach et al., 2014; McKenzie et al., 2014) . In contrast to T-and B-lymphocytes, ILCs lack somatic rearrangement of antigen receptors (e.g., TCR, BCR), and can be activated by cytokines and/or through natural cytotoxicity receptors (e.g., NKp44) (Glatzer et al., 2013) . In contrast to NK cells, helper-type ILCs do not possess efficient cytotoxic capacity (Hazenberg and Spits, 2014) . In mice and humans, helper-type ILCs can be subdivided into three main groups analogous to the main subsets of T helper lymphocytes. ILC1 cells can produce T helper-1 (Th1) cell signature cytokines (i.e., IFN-g) and express the transcription factor T-bet (Bernink et al., 2013) , whereas ILC2 cells are capable of secreting Th2 cell-type (legend continued on next page) cytokines and display a GATA3 + phenotype. ILC3 cells have been shown to be associated with interleukin-17 (IL-17) and IL-22 production, as well as RORgt transcription factor expression, characteristic of Th17 helper T cells (Hazenberg and Spits, 2014) . Moreover, similar to ILC2 cells, ILC3 cells express CD127 (IL-7R), which is crucial for their development and survival (Vonarbourg and Diefenbach, 2012) . Murine models have demonstrated that ILC subset diversity, assessed using single analyses including mass cytometry, can be heavily influenced by pathogens exposure (Gury-BenAri et al., 2016) .
ILC1 cells have been controversially discussed in the literature due to their similarity with NK cells (Serafini et al., 2015) . In mice and humans, two non-NK cell ILC1 cell subsets have been described. One subset expresses CD127 but no cytotoxic granules and plays a role in intestinal pathologies (Bernink et al., 2013; McKenzie et al., 2014) . The other subset has been described as intraepithelial ILC1 cells (ieILC1) that do not express CD127, but are capable of producing cytotoxic granules (Fuchs et al., 2013) . Recently, a transcriptomic in-depth analysis of murine ILC subsets has demonstrated that gene-expression patterns of ILC1 cells overlap with NK cells. This raises the question of whether NK cells and ILC1 cells can truly be classified as distinct cell types . In humans, single-cell mRNA analysis has shown that ILC1 cells express transcripts that encode variable regions of the TCR, as well as various other specific T cell markers (Bjö rklund et al., 2016) . Consistent with this, another recent paper has shown that the majority of ILC1 cells also express CD5, which is expressed by T cells but not ILCs (Vely et al., 2016) .
Murine models have helped to effectively classify ILCs, especially since similarities have been observed between ILCs identified in mice and humans. However, differences in murine and human immunology pose a challenge. The characterization of human ILCs is mainly based on ex vivo analysis and on in vitro-derived cell lines (Bernink et al., 2013) and although human specimens have been used to analyze helper-type ILCs in different tissues (Hazenberg and Spits, 2014) , studies analyzing all known ILC subsets for individual tissues in parallel are lacking. In addition, Hazenberg and Spits have demonstrated that a clear definition of ILC2 and ILC3 populations in humans by multi-color flow cytometry requires at least eight fluorescence channels (Hazenberg and Spits, 2014) . Consequently, technical limitations of flow cytometry devices such as spectral overlap hamper a further in-depth characterization of these cells. Moreover, reported discrepancies in defining ILC subsets between studies have complicated an accurate comparison of these cells.
Here, we use mass cytometry (cytometry by time of flight, CyTOF), to analyze NK, ILC1, ieILC1, ILC2, and ILC3 cells in parallel across nine different healthy tissues and three pathological tissues. To these ends, we simultaneously assessed a wide range of surface markers, cytotoxic granule components, transcription factors, and activation and proliferation markers on a single cell basis. Our data provide a clear global picture of ILC diversity and heterogeneity in humans.
RESULTS

Mass Cytometry Allows the Identification of Human ILC Subsets
To resolve inconsistencies in ILC subset definitions, we developed a mass cytometry panel consisting of 38 heavy metallabeled antibodies to identify and characterize ILC populations in humans. This panel included a broad range of phenotypic markers that allow segregation of previously described ILC subsets. Additional markers allowed for simultaneous quantification of lineage defining transcription factors as well as other phenotypic and functional cellular proteins. To demonstrate this approach, we used cord blood, tonsils, and colon specimen because these tissues are known to contain all ILC subsets (NK, ieILC1, ILC1, ILC2, and ILC3 cells Figure 1A ). For each cluster, the median intensity of each single marker molecules assessed was quantified and summarized by using a heat-map illustration ( Figure 1B ). Notably, in tonsils, we observed a cluster that shared all characteristics with previously described mucosal associated ieILC1 cells, which was consistent across different donors (cluster 9 CD56 + T-bet + CD103 + NKp44 + CD94 + , Figures S1B and S1C) (Fuchs et al., 2013 (Bernink et al., 2013) to delineate putative ILC1-like cells (Figure 1C) . However, none of these cells expressed T-bet, a defining signature transcription factor that should be expressed by all cells in the ILC1 lineage (Bernink et al., 2013) (Figure 1D ). When we plotted these putative ILC1 cells using the t-SNE, no distinct cluster representing ILC1 cells was observed. Instead, these cells overlapped with T cells, dendritic cells, and ILC3 cell clusters ( Figure 1E ). In contrast, we observed that manual gating on ILC2 cells, NKp44
À ILC3 or NKp44 + ILC3 cells resulted in the identification of independent individual clusters on the twodimensional t-SNE projection map ( Figure 1E ). Similar findings were observed when analyzing cord blood, colon tissue, or fresh tissues ( Figures S2A-S2C Figure S2D ). However, these cells expressed key markers that characterize NK cells but should not be found on helper type ILC1 cells, such as CD94, CD56, NKp46, and perforin (Bernink et al., 2013 ).
An ieILC1-like Population Can Be Found that Is Not Restricted to Mucosal Tissues and Displays Similarity to NK Cells Intraepithelial (ie)ILC1 cells have previously been described as cells present in mucosal tissues with an intraepithelial location, producing IFN-g and cytotoxic granules and having an unique integrin-expression profile and implicated in Crohn's disease (Fuchs et al., 2013) . We also found a cell population displaying phenotypic characteristics of ieILC1 cells in non-mucosal pathological tissues (hereby referred to as ieILC1-like cells). Using t-SNE, we identified a single cluster of these cells in pathological omentum adipose tissues (omentum AT) from obese patients (Ouchi et al., 2011) , lung tumors, and colorectal tumors (Figure 2A ). Compared to NK cells from the same tissue, these ieILC1-like cells expressed CD103, the transcription factors T-bet and EOMES, as well as surface NK cell markers CD56, NKp46, CD94, 2B4, CD161, CD160, CD122, CD69, and CD49a, but did not express CD16 or CD127 ( Figures 2B,  2C , and S3A). On the basis of this analysis, we found that CD103 was consistently expressed on this population, implying that CD103 can be used to identify these cells by standard biaxial gating ( Figure S3B ). NKp44 is a marker that has been used to characterize ieILC1 cells (Bernink et al., 2015; Fuchs et al., 2013) . However, we found that ieILC1-like cells heterogeneously expressed this marker across different individuals and tissues ( Figure 2D ). Unlike in tonsils where more than 75% of these cells expressed NKp44, frequencies of cells expressing this marker were lower and more variable in colon tissue, colorectal tumors, and lung tumors. Moreover, in omentum AT, NKp44 expression was almost absent on ieILC1-like cells ( Figure 2D , lower panel). Using t-SNE, we observed that the ieILC1-like cells did not entirely cluster together and were strongly associated with various NK cell populations (Figure 2A) , thus suggesting a close similarity between these two populations.
To explore this hypothesis, we investigated functional characteristics of these cells. Ex vivo ieILC1-like cells produced granzyme B and perforin but showed lower and more variable amounts of both cytotoxic granules as compared to CD103 À NK cells of the same individual ( Figure 2E ). We found that both ieILC1-like and CD103
À NK cells, expressed IL-18R (Figure 2F) and mRNA coding for IL-15Ra (IL15RA) (Figures 2G and S3C) . Consistent with previous ieILC1 studies (Fuchs et al., 2013) , we also found that ieILC1-like cells derived from various tissues produced IFN-g in response to IL-15 or IL-18 stimulation at (D) Top shows dot plots representing NKp44 expression by ieILC1 cells from three colorectal tumor samples (three donors). Data shown is gated on NK and ieILC1-like cells (see gating Figure S3B ). Bottom shows expression of NKp44 by ieILC1 cells from tonsil, colon, omentum AT, lung, and colorectal tumor tissue (for gating see Figure S3B ). Data shown are the mean values ± SD from at least 3 independent experiments. (E) Ex vivo expression of perforin and granzymeB by ieILC1 cells (red) and NK cells (orange) from omentum AT, lung, and colorectal tumor tissue. Helper type ILCs (gray) were used as controls (for gating see Figure S4A ). Data shown are one representative from three different donors. . Data shown are the mean values ± SD from 3 independent experiments. n/a (data not available) (see Figure S3D for staining).
Please also see Figure S3 . (B) A second round of t-SNE analysis (t-SNE #2) was applied to zoom-in exclusively on ILC2 and ILC3 cells cluster (black circle, A). Normalized expression intensities of each marker were calculated and overlayed on the t-SNE plot (see Figure S4A for others markers Figures  3B and S4A ). For instance, we observed a diverse expression of markers such as CD56, ICOS, 2B4, and natural cytotoxicity receptors (NCRs) such as NKp30, NKp46, and NKp44 across this plot ( Figures 3B, S4A ). Consistent with previous reports, we noted that cells could clearly be segregated based on their expression of NKp44 and this also correlated with other markers such as CD25 and ICOS ( Figure 3A) . It is clear, however, that these two cell subsets of ILC3 cells (NKp44 positive versus negative) were highly diverse in their expression of other NCRs that we tested (NKp30 and NKp46). This is in contrast to murine cells, where NCR expression in general has been used to segregate two major subsets of ILC3 cells. These findings suggest that human ILC3 cell subsets cannot be identified based on NCR expression alone. Nonetheless, on the basis of this analysis and the differences observed between tissues (e.g., absence of NKp44 + ILC3 cells in blood, or cord blood, Figure 1 ), we think that it is useful to segregate the two major subsets of ILC3 cells based on NKp44 expression. We also observed, although to a lesser degree, some diversity in terms of CD161 expression (Figure 3C ). In particular, we found that NKp44 À ILC3 cells displayed a broad distribution of CD161 and c-Kit expression, which we think precludes the utility of these markers as defining features of this ILC3 population ( Figure 3C ). To assure that the t-SNE analysis was reliable in the delineation of these helper type ILC subsets, we also investigated transcription factor expression in these cells. In comparison to NK and ILC3 cells, we found that ILC2 cells expressed significantly higher amount of transcription factor GATA3 (Figures 3D and 3E and S3A) . This was further confirmed by measuring of the mRNA amount of sorted cells and we found that both, NK and ILC3 cells expressed transcripts for GATA3 ( Figure 3F ). This observation is consistent with previous reports in mice (Zhong et al., 2015) and demonstrates that GATA3 is highly expressed by ILC2 cells, but cannot exclusively be used to distinguish ILC2 cells from other ILC types. We detected the expression of RORgt in both ILC3 subsets by using À which can further be divided into two major subpopulations based on the expression of NKp44 ( Figure S4B ). It is noteworthy, that the use of exclusion markers is important to remove contaminating cells, especially CD5 and CD11c. Based on these observations, we developed a panel and a gating strategy, which can be used by flow cytometry to identify helper-type ILC subsets in different tissues ( Figure 3G , Experimental Procedures).
Human ILC2 and ILC3 Cells Are Under-Represented in Non-mucosal and Lung Tissues Next, we analyzed the frequencies and phenotypic profiles of each of the ILC subsets across nine different non-pathological and three different pathological tissues by mass cytometry. Therefore, we used the gating strategies described above to simultaneously analyze all ILC subsets ( Figure S4B ). Due to the large sample size, we were unable to collect data for all different tissues simultaneously in a single batch of experiment, which is needed for an accurate t-SNE analysis. We consequently used manual gating to quantify the frequencies of cells expressing marker molecules fitting the definitions of each ILC subset described for each of the cellular proteins measured across tissues and donors. In non-pathological tissues, we observed a clear distinction between mucosal and non-mucosal tissues (except for lung) with regard to the frequencies of different ILC subsets. In nonmucosal tissues (PBMCs, cord blood, bone marrow, spleen) and lung, ILC2, and ILC3 cells represented only a minority of the total ILC numbers (0.1% to 5%). In these tissues, NKp44 were higher in cord blood as compared to adult blood (2.7% versus 0.63%, respectively, for ILC2 and 3.09% versus 1.05% for NKp44 -ILC3 cells) ( Figure 4A and Table S1 ). In lung, ILC2 and ILC3 cells represented less than 3% of total innate lymphoid cells (mostly composed of NK cells). In mucosal tissues (tonsil, adenoid, colon) and skin, helper-type ILC frequencies were higher than those of NK cells. As described above, among non-pathological tissues we found ieILC1-like cells only in tonsils (5% ± 4.1%) and colon tissue (25.1% ± 17%). NKp44 + ILC3 cells were highly represented (>14% of total ILCs) in these barrier tissues (tonsil, adenoid, colon, skin). In human skin, ILC2 cells represented the main population of ILCs, similar to what has been observed in murine dermis (Roediger et al., 2013) . In pathological tissues, we observed ILC2 and ILC3 cell recruitment in all tissues studied (colorectal tumors, lung tumors, and omemtum AT). However, more than 95% of ILCs infiltrating these inflamed tissues were composed of NK and ieILC1-like cells ( Figure 4A ). As reflected by the standard deviation, we observed a remarkable heterogeneity in ILC frequencies between individuals that were higher in mucosal and skin tissues as compared to other tissues (Table S1 ). Despite this variation, the general ILC composition of each tissue was relatively constant (e.g., in all individuals helper-type ILCs outnumbered NK cells in colon, tonsil, adenoid, and skin). In addition to the overall ILC and NK cell subset composition, we observed phenotypic variations across different donors. Due to limitations in sample size and patient data from tissues, we highlight donor-to-donor variations by using ten PBMC samples from healthy donors without infection, chronic disease, or medical from at least 9 independent experiments, Nonpathological tissues included PBMC (n = 15), cord blood (n = 3), bone marrow (n = 4), spleen (n = 6), lung (n = 6), skin (n = 4), tonsil (n = 9), adenoid (n = 4), and colon (n = 9) tissue. Pathological tissues included omentum AT (n = 4), lung tumor (n = 6), and colorectal tumor (n = 7) (Table S1 ). Please also see Figure S4 .
treatments (see Experimental Procedures). We observed a high degree of variation in the expression of c-Kit, CD56, CCR4, CCR6, 2B4, NKp30, and NKp46. Expression of some of the markers assessed, such as CD160 (not previously described for ILC), were observed only in few patients ( Figures 4B and 4C ). As compared to murine studies, genetic variation and environmental exposure can greatly influence the immune cell composition of humans. The variability in expression of these markers in healthy donors might influence their response to stimuli and therefore should be considered in future human ILC studies.
Variable Tissue-Specific Phenotypic Profiles of HelperType ILCs
As observed for helper-type ILC frequencies ( Figure 4A ), we also observed a clear distinction between non-pathological, mucosal, and pathological tissues in terms of phenotypic profiles of ILCs ( Figure 5 ). Under non-pathological condition, the majority of ILC2 cells expressed KLRG1, CD25, CCR6, and CCR4 and exhibited variable c-Kit expression. We found that CD69 expression on ILC2 cells was restricted to skin, mucosal tissues, and a majority of cells found in the spleen (Figures 5  and 6A ). ICOS expression is required for survival and efficient cytokine production by ILC2 cells (Maazi et al., 2015) . Notably, ICOS expression was not ubiquitous and mainly limited to ILC2 cells derived from mucosal tissues (Figures 5 and 6A) . In contrast to adult PBMCs, cord blood ILC2 cells expressed ICOS at a relatively high frequency (17.6% ± 5.7%). Some cord-blood-derived ILC2 cells also expressed NKp30 (49.5% ± 8.2%) and CD103 (5.2% ± 2.3%) ( Figure 6B ). On the basis of these findings, we investigated whether these phenotypic differences between adult PBMCs and cord blood ILC2 cells were indicative of functional differences. We found, however, that stimulation of sorted ILC2 cells with IL-33, a cytokine known to stimulate Th2 cell responses, elicited comparable quantities of IL-4, IL-5, IL-9, and IL-13 production by these cells ( Figure 6C) cells in all tissues except for skin where both cell types displayed high frequencies of CD25 expression. In contrast, CD56, NKp46, and ICOS were highly expressed on NKp44 + ILC3 cells as compared to their NKp44 À counterparts. In some patients, we also noticed expression of CD103 on various ILC2 and ILC3 cell subsets. Less than 5% of all of these ILC subsets were observed to be CD103 + (see Figure 6B for ILC2 cell staining).
Within pathological tissues, we found that helper-type ILC displayed a phenotype similar to that observed in mucosal tissues. We observed an upregulation of CD69 and ICOS expression (Figures 5 and 6A ), while expression of others markers remained similar to those observed in mucosal tissues ( Figure 5 ). We were not able to detect significant differences in major histocompatibility complex (MHC) class II (HLA-DR) molecule expression between ILC subsets within the same tissues tested ( Figure 6A ). Nevertheless, since in some experiments we detected a slightly higher expression of MHCII expression in mucosal and pathological tissues as compared to non-mucosal tissue (e.g., Figure 6A ). As previously described, ILCs express CD25, the non-signaling IL-2Ra subunit that increases the affinity of IL-2R (CD122 and gc) for IL-2. Under pathological conditions, we found that helper-type ILCs slightly upregulated CD122 expression in tissues. However, this expression remained very low as compared to NK cells ( Figure 6D) . One of the main roles of IL-2 signaling is the maintenance and proliferation of immune cells. In line with this, the frequency of proliferating helper-type ILCs (Ki67 + ) was relatively low in non-pathological, mucosal, or pathological tissues (< 5%) ( Figure 6E ). For instance, in colorectal tumors, we detected a high frequency of proliferating (Ki67 + ) ieILC1-like and/or NK cells but not helper-type ILCs ( Figures 6E and S5A ). We were also able to identify a number of previously unreported markers expressed by ILCs. For instance, we found that ILC3 cells can express 2B4 (CD244), a receptor having an activating or inhibitory function (Figures 5 and 3B) . Moreover, we found that ILC2 cells can express integrin CD49a. However, unlike ieILC1-like cells, which also express CD49a, CD49a + ILC2 cells did not necessarily express integrin CD103 (data not shown). We further found that ILC3 cells can also express CD39, an ectoenzyme involved in suppression of inflammation ( Figure 6F ). Here, CD39 was mostly restricted to NKp44 + ILC3 cells from mucosal and inflamed tissues ( Figure 5 ). We did not detect expression of any other receptors involved in immune suppression, such as PD-1, TIGIT, or CD38 by any of the ILC subsets across all tissues tested ( Figure 5 ).
Human ILC2 and ILC3 Cells Respond to IL-18
Stimulation by Secreting Th1, Th2, or Th17 Cytokines We observed the expression of IL-18Ra by ILC2 and ILC3 cells ( Figure 6G ), which has not been reported previously. By using quantitative-PCR, we confirmed that ILC2 and ILC3 cells express mRNA coding for both chains of the IL-18 receptor (Figure S5B) . Interaction between IL-18R and IL-18 is implicated in promoting production of Th1 cell-related cytokines. We found that ILC2 cells produced IL-4, IL-5, IL-9, IL-13, GM-CSF, IL-6, and IL-8 in response to IL-18 stimulation ( Figure 6I ). This cytokine profile produced by ILC2 cells was similar to that observed in response to IL-33 ( Figure S5C ) and demonstrates that IL-18 has a similar effect as IL-33 on ILC2 cell activation. ILC3 cells produced GM-CSF, TNF-a, and IL-8 in response to stimulation with IL-18, as well as in combination with IL-23 ( Figure 6H ) but only low amounts of IL-17. We did not detect IL-22 production by ILC3 cells in response to IL-18 stimulation. We also observed IFN-g secretion by ILC3 cells in the presence of IL-18 and IL-23. After in vitro culture with IL-18 and IL-23, these IFN-g producing ILC3 cells maintained their ILC3 cell phenotypes (i.e., expression of c-Kit and upregulation of NKp44; Figure S5D ). This confirms that ILC3 cells can be plastic in terms of cytokine production in vitro as described previously (Cella et al., 2009 ), but do not acquire an ILC1 cellular phenotype.
DISCUSSION
Our study aimed to clarify the composition and phenotypic profiles of ILCs in humans. In contrast to NK ILC2 and ILC3 cells, we did not detect any ILC1 population as previously described (Bernink et al., 2015; Bernink et al., 2013 , 2016) . This together with another recent report using CD5 staining (Vely et al., 2016) supports our findings that T cells can heavily contaminate ILC1 cells. In vitro observations about ILC1 cell plasticity, differentiation into ILC3 cells, and the ability to produce both, Th1-and Th17 cell-related cytokines (Bernink et al., 2015) can also be explained by contaminating NK and ILC3 cells in ILC1 gating as we describe here. Furthermore, the first publication that describes ILC1 cells showed a bi-modal expression of T-bet by these cells (Bernink et al., 2013) . This confirms that ILC1 cells are composed of at least two cell populations. Because a large number of markers was required for this detailed and accurate characterization of putative ILC1 cells, we think that it might be possible that previous identifications of human ILC1 cells comprised cellular contaminations, which could not be excluded due to technical limitations. Using t-SNE analysis, we identified a unique subset of NK cells (ieILC1-like cells) that matches previous descriptions of ieILC1 cells (Fuchs et al., 2013) , except for variable NKp44 expression between tissues and individuals. Remarkably, this population was also observed in non-mucosal pathological tissues. A similar population was previously described in uterine tissue from pregnant women and was termed decidual NK cells (Kopcow et al., 2005) . As reported, we found that this population also expressed NKp44 and CD103 and had a low expression of cytotoxic granule components. In vitro experiments showed that decidual stromal medium (containing TGF-b) can convert blood peripheral NK cells into decidual NK cells sharing a similar phenotype. The profiles of these ieILC1-like cells also appeared to match those of a previously reported subset of intrahepatic NK cells and consistent with this, we found that this population expressed integrin CD49a. All of these observations strongly suggest that ieILC1-like cells do not represent an independent lineage of innate lymphoid immune cells specific to mucosal tissues, but a NK cell subset that acquired this specific phenotype under the influence of mucosal or inflamed tissue environments.
Consistent with previous studies, our t-SNE analysis confirmed that helper-type ILCs can be divided into three main populations: ILC2, NKp44 -ILC3, and NKp44 + ILC3 cells. The use of t-SNE was also useful for delineating ILC3 cells. By this analysis, we observe that all ILC3 cells coalesce into one amorphous population of cells. We observed diversity within these cells that results from the variable expression of numerous markers, such as CD56, ICOS, and the NCRs. As described for mice, this diversity might be related to how ILCs can integrate and differentiate in response to signals from the microenvironment (Gury-BenAri et al., 2016) . Nonetheless, we found that NKp44 expression functions to divide this population, and this distinction is especially meaningful when using it to divide subsets of ILC3 cells and to compare the compositions of different tissue types. We also noted that RORgt antibody staining was more difficult to detect in the NKp44 -subset of ILC3 cells. Because this antibody staining was weak, we also sorted these cells and showed that RORC expression could be detected. However, because the gene expression was not assessed at a single cell level, this does not rule out the possibility that some of the ILC3 cells (especially the NKp44 -subset) do not express
RORgt. Nonetheless, we argue that the t-SNE analysis, which takes into account the composite of all markers (Newell and Cheng, 2016) , should be an accurate mean to delineate this subset of cells. In contrast to published murine studies, we did not observe a coordinate segregation of ILC3 cells based on NKp46 or CCR6 expression in humans. Furthermore, we found that c-Kit and CD161 were not sufficiently reliable for the identification of NKp44 -ILC3 cells. We did not observe an ILC3 cell subset expressing T-bet as it has been reported in mice (Klose et al., 2013) . However, we found that all human ILC subsets (NK and ILC3 cells included) expressed at least a low amount of GATA3. This is consistent with the role of GATA3 in promoting IL-22 expression in ILC3 cells as it has been observed in mice (Serafini et al., 2014; Zhong et al., 2015) . On the basis of these Figure S5D for sorting strategy).
Please also see Figure S5 .
observations, we propose a panel and gating strategy to identify human helper-type ILCs using flow cytometry, which we further confirmed by qPCR and functional studies of sorted cells. Importantly, the expression of various markers on ILCs can be modulated in response to cytokine exposure (e.g., CD127, CD94, CRTH2) (Cella et al., 2009) . Therefore, we think that this gating strategy should be adjusted depending on the tissue and/or inflammatory conditions being studied. Human tissues can be divided into two categories based on their overall ILC subsets composition. Under non-pathological conditions, non-mucosal and lung tissues displayed low frequencies of ILC2 and ILC3 cells (<5% of ILC), this questioning the importance of these cells in tissue homeostasis and immune surveillance in comparison to NK cells (>95%). NKp44 + ILC3 cells were nearly absent in these tissues (<0.5%). However, this observation does not undermine the role of these cells in infections and pathologies such as lung inflammation, where it is clear that rare cells can have profound effects (Huang et al., 2015) . Our study demonstrates that ILC2 cells found in cord blood are functionally similar to ILC2 cells derived from adult blood when stimulated with IL-33. However, we cannot exclude the possibility that alternative stimulation conditions would be able to trigger functional differences between these cells. These cells displayed an increased frequency and distinct phenotypic profiles when compared with their counterparts derived from adult blood (expressing more ICOS, CD103 and NKp30-a receptor also involved in virus or parasite recognition), which suggests a possible role for ILC2 cells in normal neonatal immunity. Under inflammatory conditions, more than 95% of ILCs recruited were composed of NK or eILC1-like cells in all tissues analyzed. Despite a low frequency of helper-type ILCs, these cells represent a phenotype that is similar to mucosal ILCs with a remarkably high expression of CD69 and ICOS.
In contrast to non-mucosal and lung tissues, oral and gastrointestinal mucosal and skin tissues contained high frequencies of helper-type ILCs, which is consistent with the role of these cells in human barrier surface immunity and which has already been partially confirmed in mice (Artis and Spits, 2015; Song et al., 2015) . This distinction between mucosal and non-mucosal tissues also corresponds with an upregulation of CD69 and ICOS. Recently, it has been demonstrated that ICOS-ICOS-L interaction between human ILC2 cells is required for efficient function and survival of these cells (Maazi et al., 2015) . Expression of ICOS on ILC3 cells suggests a role for ICOS-L-mediated activation. However, this further raises the question about a potential ICOS-ICOS-L interaction between ILC2 and ILC3 cells and the cytokines that might be produced by these cells (T H 2 or T H 17 cell-associated cytokines). Our analyses also identified a number of previously unreported markers expressed by helper-type ILCs in oral and gastrointestinal mucosal, as well as skin tissues. We found that ILC2 cells expressed CD49a, an integrin providing tissue retention and survival signals. We report that 2B4 was expressed on ILC3 cells. This might be relevant since, depending on the tissue location and inflammatory condition, 2B4-CD48 interactions can inhibit cytokine production by human NK cells (Morandi et al., 2005) . We also found that CD39 was expressed by ILC3 cells, and particularly by NKp44 + ILC3 cells, which can play a role in immunosuppression through its ability to degrade extracellular ATP and the modulation of purinergic signaling. These observations about helper type ILC phenotypes could be considered as additional targets for therapeutics approaches.
Across all tissues studied, we were unable to clearly detect MHC II expression by ILCs. As compared to mice, this observation can be explained by different molecular mechanisms regulating MHCII expression in humans (Robinette and Colonna, 2016) . We can hypothesize that MHC II expression on ILCs is restricted to some specific inflammatory conditions. As reported, ILC2 and ILC3 cells proliferate in response to IL-2 stimulation (Cella et al., 2009; Moro et al., 2010) . However, we observed that helper-type ILCs do not abundantly express CD122 (IL-2Rb). A weak expression of CD122 on ILC3 can be explained by the fact that IL-2 signaling constrains IL-17 production (Laurence et al., 2007) . However, helper-type ILCs highly express CD25, the non-signaling subunit that increases the affinity of IL-2R. As observed for DCs, CD25 on helper-type ILCs could trans-present IL-2 to other immune cells as a way to provide survival signal (Boyman and Sprent, 2012) . In this study, we show that both ILC2 and ILC3 cell subsets expressed a functional IL-18R in all tissues analyzed. This receptor binds IL-18, a cytokine associated with Th1 cell cytokine production (Dinarello et al., 2013) . We observed that IL-18 could elicit Th1 cell cytokine production by ILC3 cells. Despite this, we found that these cells maintained their ILC3 phenotype, excluding plasticity toward an ILC1 cellular phenotype. Importantly, we did not detect T-bet expression on ILC3 cells ex vivo. These observations confirm a functional plasticity of ILC3 cells in vitro, which needs to be further confirmed in vivo. We also found that both, ILC2 and ILC3 cells produce GM-CSF and IL-8 in response to IL-18, two cytokines promoting the recruitment and activation of myeloid cells, such as monocytes and neutrophils. Our data show that ILC2 cells can also produce Th2 cell-associated cytokines in response to this cytokine stimulation, at similar amounts as by IL-33 stimulation. In contrast, IL-18 in combination with IL-23 induced the secretion of IL-17 but not IL-22 by ILC3 cells. This might be relevant because human intestinal epithelial cells are capable of producing high amounts of IL-18 in Crohn's disease (Pizarro et al., 1999) . Furthermore, macrophages that are present in inflamed tissues produce large amounts of IL-18 (Dinarello et al., 2013) . Taken together, these observations reveal the potential for novel mechanisms of ILC2 and ILC3 cell activation under inflammatory conditions. In summary, this study provides a global, comprehensive, and detailed description of human heterogeneity in ILCs across patients, tissues, in non-pathological conditions, and within various pathological environments. Despite a homology with mice, our study highlights the uniqueness of human ILCs in terms of their composition, phenotypes, and heterogeneity. These differences between mice and humans should be considered as results from mouse ILC studies that are translated into humans.
EXPERIMENTAL PROCEDURES Human Samples and Cells Isolation
The use of human tissues was approved by the appropriate IRBs, A*STAR, the Singapore Immunology Network and the Health Sciences Authority of Singapore or the KwaZulu-Natal Research Institute for TB-HIV (K-RITH). Briefly, tissues were mechanically dissociated in small pieces and incubated at 37 C for 15 to 40 min in media with Collagenase IV and DNase. Dissociated tissues were filtered and washed. Except to indication, all samples were cryopreserved and stored in liquid nitrogen. See Supplemental Experimental Procedure and Table S3 for more details about samples details and preparation.
CyTOF Staining, Data Analysis, and t-SNE Samples were depleted of T cells (aCD3) and B cells (aCD20) using anti-Mouse IgG microbeads (Miltenyi). Prior to surface staining, cells were stained with Cisplatin (viability marker). Cells were then stained with a first antibody cocktail containing: aCD122, aCCR4, aCCR6, aNKp30, aNKp44, aNKp46, aCRTH2-FITC, ac-Kit-APC during for 15 min (see Table S2 for clone list and metal). After washing, cells were stained with the remaining antibodies for 15 min. After two washing steps, cells were fixed in fixation FoxP3 buffer (eBioscience) for 30 min. After washing in perm buffer, cells were stained with aEomes-PE or RORgt-PE during 30 min in perm buffer. Cells were washed and stained with aPE, aT-bet, aPerforin, aGranzymeA, aGranzymeB, aKi67 for 30 min in perm buffer. After two washing steps, cells were stained for barcoding, fixed in PBS 2% PFA overnight, and stained for DNA. See Supplemental Experimental Procedure for more details.
Antibody Conjugation
Purified antibodies lacking carrier proteins were purchased from the companies listed in Table S2 . Antibody conjugation was performed according to the protocol provided by Fluidigm (see Figure S1 for each staining).
Flow Cytometry Staining and Cell Sorting
For NK or ieILC1 staining, samples were stained with aCD14, aCD3, aCD19, aCD56, aCD103, Live-dead. Cells were sorted according to gating strategy shown in Figure S4B . For ILC subsets, samples were depleted of contaminating cells using aCD3, aCD20, aCD8, aCD4, aCD34, and aCD16 using anti-Mouse IgG microbeads (Miltenyi). Cells were then stained first with antibodies cocktail containing aCRTH2-FITC, aCD127-biotinylate, aNKp44-APC for 15 min. After washing, cells were stained with aCD94-PercP-Cy5.5, ac-KIT-BV421, Streptavidine PE-Cy7, and lineage markers: aCD14-PE, aCD5-PE, aCD11c-PE, aCD19-PE, aFcER1a-PE, aCD123-PE, Live-dead for 15 mn.
Cells were sorted according to gating strategy shown in Figure 3D . See Supplemental Experimental Procedures for more details and clones listed.
qPCR From sorted cells mRNA was extracted using RNeasy Micro Kit (QIAGEN). cDNA was generated using high-capacity cDNA reverse transcription kit (Life Technologies). qPCR was performed using TaqManÒ Universal Master Mix II (Applied Biosystems) and TaqMan primer for ACTB, RORc, TBX21, GATA3, IL15RA, IL18R1, IL18RAP, and IL1RAPL1 . Results were normalized to the housekeeping gene ACTB. See Supplemental Experimental Procedures for more details.
Cell Culture and Luminex Assays
For NK or ieILC1-like stimulation, fresh samples were dissociated as described. Cell suspensions were incubated overnight in the presence of IL-12, IL-15, and IL-18 (50 ng/mL). BrefeldinA was finally added for 4 hr. Cells were stained for CyTOF or FACS analysis as described previously.
Sorted ILC2 or ILC3 cells were cultured for 3-4 days, with IL-7, IL-33, IL-18, and IL-23 (50 ng/mL) as indicated. Supernatant was analyzed for cytokines using Luminex drop array. See Supplemental Experimental Procedures for more details. T., and D.S.W.T. provided samples. S.B., M.S., and S.-A.E.S.T. provided omentum adipose. F.G., H.N.K., P.K., A.L., and I.B.T. provided samples and discussed data. E.W.N. initiated and led the project, developed scripts for CyTOF analysis, and helped write the paper.
